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A new modular slit die with optical windows in two different positions and three pressure
transducers ﬂush-mounted along the wall was built and coupled to the exit of a twin-
screw extruder. Thus, the birefringence and the pressure drop of polystyrene were
monitored inline during extrusion. Two experimental procedures were tested: steady-
state and cessation of extruder feeding. The latter proved to be very useful in the case
of polystyrene since the ratio between the birefringence and the pressure drop can be
quantiﬁed for a wide range of steady-state conditions with a single experiment. In fact,
down to relatively lower values of pressure drop, the birefringence proved to be a function
of shear stress at the wall only, depending neither on the initial feeding rate nor on the
aspect ratio of the slit die, for W/h down to 5, at least.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Understanding the ﬂow character of polymers during
processing is of extreme importance to control the ﬁnal
properties of the material. Most rheological analysis to
assess the material functions, aiming at the prediction of
polymer processability, has been undertaken from ofﬂine
experiments, either by the use of rotational or capillary
rheometers, at low and high shear stresses, respectively.
Despite the indisputable usefulness of these bench tech-
niques, the quest for in-process assessment of thermo-
mechanical histories imposed on the material and by
extension structural changes has been a concern.
Over recent years, the inline monitoring of polymer
extrusion by attaching a slit channel to the extruder die exit
has received considerable attention. A relatively large
number of experimental techniques have been used to
monitor polymers and polymer composites ﬂowing
through a slit die [1,2]. It is well-known that the installation
of ﬂush-mounted pressure gauges along the slit die wall
allows the assessment to viscous features up to relatively7high shear stresses with no need of Bagley corrections. It is
well established in the literature that slit dies with aspect
ratios higher than 10 (W/h > 10) fall within the concept of
parallel plates of inﬁnite width. Thus, the ﬂow may be
looked on as unidimensional and the edge corrections can
be neglected. Thus, the wall shear stress is customarily
obtained by the equation [3]
sw ¼ h2ð1þ h=WÞ
dp
dx
(1)
where h and W are, respectively, the height and the width
of the slit, and dp/dx is the gradient of the outward-acting
total normal stress at the wall measured with pressure
gauges in the fully developed ﬂow region of slit-die ge-
ometries. The correspondingwall shear rate, _gw , is given by
_gw ¼
_ga
3

2þ d ln _ga
d ln sw

(2)
where _ga is the apparent shear rate, which is expressed by
_ga ¼
6Q
Wh2
(3)
with Q being the volumetric ﬂow rate.
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anisotropic, creating the possibility of using non-invasive
optical techniques to understand the chain conformation
and orientation during ﬂow. Moreover, for homopolymers
and a relatively broad range of experimental conditions, it is
possible to establish a relation between the stresses in the
material and the optical anisotropyas given by the refractive
index tensor, n. Therefore, assuming that the principal axes
of the stress tensor, s, and the refractive index tensor are
collinear, the stress-optical rule may be written as [4,5]
n 〈n〉I ¼ Cfsþ pIg (4)
where C is the stress-optical coefﬁcient, 〈n〉 is the mean
refractive index, p is the hydrostatic pressure and I is the
unit tensor. One of the most commonways tomeasure the
birefringence of a polymer in shear ﬂow is to send a light
beam in the velocity gradient direction (y-direction). It
should be noted, however, that the application of equation
(4) is not straightforward since the velocity gradient di-
rection is neither principal axes of the refractive index
tensor nor principal axes of the stress tensor. Neverthe-
less, it is possible to show that, for small values of bire-
fringence, the following expression is valid [6]
Dn13 ¼ C½s11  s33 (5)
Additionally, for ﬂow in a slit die, the light traveling in y-
direction passes layers of varying degrees of molecular
orientation and, therefore, only an average birefringence,
〈Dn13〉, is measured. However, Wales [7] was able to deduce
a relation between the average birefringence and the
birefringence at the wall, Dn13,w,
Dn13;w ¼ 〈n13〉

1þ d log〈n13〉
d log sw

(6)
which is analogous to the Rabinovich correction [Equa-
tion (2)].
Early measurements of polymer ﬂow birefringence in a
slit die were carried out in the 1960s by Wales [7]. In his
master thesis [8], under supervision of Janeschitz-Kriegl, he
reported no inﬂuence of the aspect ratio (W/h) of the slit die
on the birefringence for W/h > 10. The inﬂuence of the
entrance was also studied by Wales. He observed that, for a
low density polyethylene ﬂowing through a slit die the
birefringence, 〈Dn13〉, decreases with increases distance to
the entrance. Indeed, a steady ﬂow condition, as character-
ized by a birefringence not dependent to the distance to the
entrance, is not even reached for reduced distances (l/h, with
l being the distance to slit entrance) as large as 100 and at
low apparent shear rates. However, for polystyrene, Wales
observed no variation of the birefringence along the slit
channel even for a reduced distance of 15. Obviously, the
different behavior of LDPE and PS could stem from the large
discrepancy between the relaxation times of the polymers.
From equation (5), it follows that, if one disregards the
difference between s11s22 and s11s33, the birefringence
measured in 13 plane can be directly related to the ﬁrst
normal stress difference, N1. This quantity is an indication
of the elasticity of thematerial and, in general, relates to the
shear stress by the following expression [9]N1 ¼ Asa12 (7)
in which A and a are constants. It is well-known that, in the
limit of the linear viscoelastic range, the value of the slope a
is 2. Since the zero-shear viscosity of monodisperse, linear
polymers varies with the 3.4 or 3.5 power of the molecular
weight, the zero shear-rate ﬁrst normal stress difference is
expected to increase with molecular weight to about the
power 7. Measurements of the birefringence on slit dies
have shown that the constant A increases with the molec-
ular weight increase even at relatively high shear rates
[8,10]. Regarding the inﬂuence of molecular weight distri-
butions, it appears that broadening the distribution of a
linear polymer, while keeping the average molecular
weight and the shear stress unchanged, results in an in-
crease in the normal stress difference but a decrease in the
exponent a [9,11,12]. Furthermore, if Equation (7) holds, the
ﬁrst normal stress difference versus shear rate or shear
stress must follow timeetemperature superposition. That
superposition was observed for PS in a slit die up to shear
stresses of 105 Pa by using the birefringence as ameasure of
N1 [13].
Several authors [14e24] have used the birefringence
fringes to visualize the stress state in a slit die. In fact, by
counting the birefringence fringes it is possible to spatially
map the stresses along a slit die. This technique has been
extensively employed in order to study the ﬂow in the
entrance and exit of slit dies. However, the quantiﬁcation of
birefringence by counting the fringes is not practical and,
more important, it cannot be realized at high stresses. In
addition to spatial visualization, other authors [25e27]
have done a pointwise quantiﬁcation of the birefringence
by employing a laser as the light source and a detector.
In this paper we aim to show that the more traditional
approach of controlling the extrusion [28] or injection
molding [29] processes by inline monitoring the pressure
drop in a slit die can be signiﬁcantly improved if the bire-
fringence is simultaneously measured. Here, a new version
of the rheo-optical system developed in a previous work
[10] is presented. The ﬂow birefringence of polystyrenewas
measured. The three ﬂush-mounted pressure transducers
and two optical windows allow establish correlations be-
tween the pressure drop and birefringence in two different
regions of the slit channel. With this data, it should be
easier to infer about variations in the temperature due to
viscous heating. Also, the “cessation of extruder feeding”
approach is presented and its potentialities analyzed. In
some situations, it can be more convenient to use rectan-
gular ducts withW/h< 10 aspect ratio. It will be shown that
the rheo-optical information obtained in those channels
can be easily extrapolated for channels that meet the
traditional “inﬁnitely wide condition”, W/h > 10.2. Experimental
2.1. Materials
A commercial grade of polystyrene (PS), referred to as
N2560, from Innovawas used in this work. Throughout this
paper a value of 0.94 g.cm3 [30] will be considered for the
Fig. 1. Schematic of slit die, locations of pressures holes, positions of optical
detectors and their main parts; A ¼ D ¼ 11.25, B ¼ C ¼ 53.5 mm.
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studied.
2.2. Rotational rheometry
To perform the rheological experiments, 25 mm diam-
eter disks were prepared by compression molding. Rheo-
logical measurements were carried out on a rotational
rheometer (ARES), equipped with parallel plates of 25 mm
diameter, at three different temperatures: 200, 230 and
260 C. The distance between the plates was set to 1 mm.
All rheological experiments were conducted under a ni-
trogen atmosphere in order to preclude, or at least severely
delay, oxidative degradation of the samples.
2.3. Slit die
The rheo-optical system described here is a large
modiﬁcation of a previous work presented elsewhere
[10]. A slit die of special design has been constructed
which is coupled to the end of a twin-screw extruder. It is
made of tool steel and is composed of two modules
separated by calibrated spacers, as shown in Fig. 1. This
gives us the possibility to create ducts of different widths
just by changing the spacers in the die. Hence, slit
channels with different aspect ratios, or even convergent
or divergent channels, can be studied. In this work, two
pairs of spacers were used such that two slit channels
with dissimilar aspect ratios were attained. The variation
in the aspect ratio is obtained by varying the width of the
rectangular cross section; in one case that width is
7.5 mm and in the other one 15 mm. Both slit channels
are 130 mm long with the height of the rectangular cross
sections being 1.5 mm. This originates slit dies with
aspect ratios of 5 and 10.
Three pressure transducers are ﬂush mounted along
thewall of the bottommodule in order to avoid dead space
between the tip of the transducers and the ﬂow channel.
Doing so, prevents ﬂow disturbances, stagnation of the
melt and hole effects that could possibly result in erro-
neous readings. The pressure transducers measure the
wall-acting normal stress, important to assess the shear
stress at the wall, as depicted in Equation (1). The distance
from the entrance of the die to the ﬁrst pressure trans-
ducer is about 11.3 mm; as the rectangular channel ex-
tends 2 mm down the extrusion die, thus the ﬁnal reduced
distance (l/h) is approximately 9. To prevent stagnation at
the entry of the slit die, the extrusion die was constructed
with an entrance angle of 60 degrees. Both top and bottom
modules possess bores with diameters of approximately
10 mm and depth of 1 mm where borosilicate optical
windows can ﬁt ﬂush to the duct walls for further optical
measurements. Also, through holes of 4 mm machined
concentrically to the bores to allow the monochromatic
light beam to pass orthogonally to the windows and ﬂow,
as will be explained in more detail later. The simple ge-
ometry of the bores permits easy assembly of optical
windows, avoids leak of melt since the windows are
compressed against the bottom of the bore and allows
stress birefringence to be ruled out. The reduced distances
of the ﬁrst set of windows is c.a. 27 (l/h).The slit die temperature is set with the use of a pro-
portional derivative integral controller (PID) that furnishes
the necessary power to cartridge heaters placed on each
module according to the set-point required. The actual
temperature is measured with the help of a J-type ther-
mocouple adjacent to the central pressure transducer and
placed at the vicinity of the channel.2.4. Optical detectors
In each of the two pairs of bores of the slit die, an optical
arrangement was assembled such that the birefringence in
the 1-3 plan can be measured. This means that an average
birefringence is probed due to the depth-dependence of
stresses when viewing from the duct wall to the center line,
as already discussed in the introductory section. Also
shown in Fig. 1 are the main parts of the optical detectors
based on a simple polariscopic arrangement. Here, the axial
direction of the slit die channel is interposed to cross
polarizers bisecting the ﬂat angle, i.e., the principal axis of
the polarizers is at 45 degrees to the ﬂow direction.
A red light provided by a light emitting diode e LED of
narrow wavelength range l ¼ 620e645 nm is radiated
orthogonally to the melt (no considerable light interference
is seen within the experimental conditions applied; thus it
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length of 632.5 nm is used for the sake of calculation). First,
the light beam passes the polarizer, enters the ﬂowing
polymer which rotates its polarization state due to the
anisotropic character of themedium, then is analyzed by the
opposite polarizer before reaching the photocell (light
dependent resistore LDR). The optical systemwas designed
for fast assemblyand all parts aremechanically independent.
2.5. Optical set-up
The whole set-up system is presented in Fig. 2. The slit
die described above is attached to a twin-screw extruder
(model Werner-Pﬂeiderer ZSK e 30). A signal handling box
forms an electrical circuit with the photocells capable of
converting the incident light (non-electrical information)
into an electric voltage, V. This electrical signal is converted
in an A/D interface (USB data acquisition device NI-DAQ
6812) and sent to a personal computer (read-out device).
In order to handle the signal, software was designed in
LabView 8.6 platform (from National Instruments) for data
collection, real-time calculation, screen presentation and
data saving. In addition, a hard key placed in the extruder
control panel may be set to enable the control of the
extruder screw speed via software.
In order to normalize the voltage, V, sent by the pho-
tocells, the transmitted light intensity is measured with the
pair of polarizers crossed (Vc) and in parallel (Vp). Thus, a
normalized voltage, Vn, is calculated by
Vn ¼ V  VcVp  Vc (8)
For the parallel position, maximum light intensity is
transmitted and so Vn ¼ 1 whereas, if the pair of polarizers
are crossed, minimum light intensity is transmitted Vn ¼ 0.
2.6. Experimental procedure and signal analysis
For result analysis purposes, the slit die will be divided in
two sections. The pressure drop in the ﬁrst section will beFig. 2. Schematic diagram of the experimental apparatus to inline monitor thegiven by the difference between the pressures measured by
the ﬁrst (nearest to the extruder) and the second (middle)
transducers divided by the corresponding distance, whereas
the pressure drop in the second section will be calculated
with values obtained in the second and third (nearest to the
exit) transducers. Similarly, the birefringence measured in
the ﬁrst window (nearest to the extruder) set at mid dis-
tance between the transducers will be attributed to the ﬁrst
section, while the birefringencemeasured in the second one
will be attributed to the second section.
The extruder was fed at constant rates ranging between
2 and 8 Kg/h. The barrel temperature was set to 200 or
230 C and the screw speed was kept constant at 70 rpm. In
the steady-state, data were recorded and, thereafter, the
feeding was stopped (cessation of extruder feeding) while
keeping the data recording and the screw rotating at the
same constant speed. During this procedure, both pressure
slopes and birefringence decrease continually. Thus,
depending on the initial value of the birefringence, the
intensity of transmitted light can pass throughmaxima and
minima while the pressure drop approaches zero. An
experimental result where the second order is reached is
shown in Fig. 3.
The average birefringence, 〈n13〉, is calculated according
to [10]
〈n13〉 ¼ lh:p arcsinðVNÞ
1=2 (9)
3. Results and discussion
3.1. Steady-state extruder feeding
In order to evaluate the stability of the ﬂow though the
slit channel, the values of the birefringence in the ﬁrst
window are compared with the values in the second one.
Similarly, the pressure drops between the ﬁrst and second
transducers and between the second and the third are also
compared. Fig. 4 shows that the birefringence measured in
the second window is almost always higher than that
measured in the ﬁrst window. Likewise, the pressure droppressure drop and birefringence of the polymer ﬂow during extrusion.
Fig. 3. Normalized voltage versus pressure slop as measured in the 1st and
2nd sections of the slit die (W/h ¼ 10). These results were obtained in
transient mode, during extruder discharge, at 200 C and 70 rpm. The initial
feeding rate was 4 kg/h.
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ways lower that the pressure drop between the second and
third ones. There is, however, a signiﬁcant dissimilarity
between the results obtained at different temperatures. At
230 C, the relative difference in the birefringence plotted
as a function of the apparent shear rate follows the same
trend as the relative difference in the pressure drop, with
the values never exceeding 15%. On the other hand, at
200 C, the difference of birefringence measured in the
different windows increases sharply with the apparent
shear rate increase, not following the difference in the
pressure drop.
It is well known that several effects can contribute to the
non-uniformity of the pressure gradient through the slit
channel. Depending on the material and ﬂow conditions,
the formation of a full developed ﬂow may require huge
values of l/h. However, as already cited in the Introduction,
for polystyrene, Wales [8] observed no variation of the
birefringence along the slit channel, even for short reducedFig. 4. Difference between the steady-state birefringence (ﬁlled symbols)
measured in the ﬁrst and second windows and between the steady-state
pressure drops (open symbols) in the ﬁrst and second sections. Poly-
styrene at several apparent shear rates and temperatures (200 C and
230 C) was tested.distances and at relatively high shear rates. Also, the
entrance effects, the viscous heating and the inﬂuence of
pressure on the viscosity can contribute to the non-
uniformity of the velocity proﬁle along the channel. It is
noteworthy, however, that the viscous heating and the
viscosity dependence on the pressure induce a decrease in
the pressure gradient along the slit die (see p.e. [31,32])
which seems to be in contradiction to the present results. In
fact, they indicate a decrease of the melt temperature along
the slit die.
In order to explain a possible decrease of the melt
temperature along the slit die, it should be noted that the
extruder barrel and the slit die were set at the same tem-
perature. Because of viscous heating in the extruder, the
temperature of the material entering the slit die will be
several degrees above the set temperature. Therefore, if the
viscous heating in the slit is not high enough to keep the
temperature and the residence time is high enough, a sig-
niﬁcant decrease of the melt temperature can occur along
the channel. A crude estimation of viscous heating can be
done by comparing the viscosity measured ofﬂine with
viscosity calculated from the pressure slopes in the slit die
(Fig. 5). In this way, for a set temperature of 230 C, the
temperature of the melt polystyrene is estimated to be 25
and 20 C (Fig. 5a) above in the ﬁrst and second sections of
the slit die, respectively, whereas for 200 C the DT is
estimated to be 35 and 30 C (Fig. 5b). It should be
emphasized that the viscosities calculated from the pres-
sure drops in the slit die are not true viscosities. Instead,
they should be viewed as apparent viscosities, mainly
because the temperature is not uniform along the slit
channel. At this point, we should note that, whereas the
average residence time in the slit die ranges between 1.2
and 4.9s for ﬂow rates varying between 8 and 2Kg/h, the
material near to the walls will take longer to cross the
channel.
From Fig. 5, it follows that a t-T superposition with the
shift factors calculated from the rotational rheometry
should hold for the curve of shear stress versus shear rate at
the wall, if the real, estimated, temperatures are considered
(Fig. 6). It should be noted, however, that for a set tem-
perature of 200 C the points corresponding at 2 Kg/h
seems to be out of the general trend (Fig. 5b). This appears
even more clearly in Fig. 6, indicating that at 2 Kg/h the
viscous heating and heat transfer phenomena lead to
signiﬁcantly different temperatures than those reached for
the other ﬂow rates studied. Remarkably, if the same aT
values are used to shift the birefringence a superposition
seems to occur. Thus, a curve of Dn13,w versus s12,w should
be independent of the temperature and ﬂow rate in the
range studied. In fact, Fig. 7a seems to shows that the data
superpose on a master curve, as expected, even the point
for 2Kg/h lies on this curve. Nevertheless, the data for the
ﬁrst section of the slit die do not seem to superpose on a
master curve (Fig. 7b).
The importance of the superposition of the data in a
master curve that does not depends on the ﬂow rate and
temperature should be highlighted since it could, in prin-
ciple, allow detection of changes in the material properties,
such as molecular weight and molecular weight
distribution.
Fig. 6. Birefringence and shear stress at the wall as a function of _g12;w=aT for
the 2nd section of the slit die. The real temperatures as estimated in the
previous graphs were considered. Therefore the aT(230 C) and aT(250 C)
shift factors calculated from rotational rheometry were used with a Tref of
230 C.
Fig. 5. Comparison between the viscosity of the polystyrene as measured
ofﬂine in a rotational rheometer and inline in the slit die attached to the
twin screw extruder. The temperatures of extruder barrel and slit die were
set to (a) 200 and (b) 230 C. To calculate the viscosity in the 1st section of
the slit die the pressure drop between the ﬁrst and second pressure trans-
ducers was used whereas to determine the viscosity in the 2nd section the
pressure drop between the second and third pressure transducers was taken
into account.
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To perform steady-state experiments at several ﬂow
rates requires great amounts of material and is time-
consuming. In this section, it will be shown that the
cessation of feeding experiments can, in principal, be a
good alternative and/or complement the steady-state ex-
periments. The purpose is to scan thematerial behavior in a
relatively wide range of ﬂow conditions with a single
experiment. The inline monitoring during the cessation of
feeding experiments have already been performed for PS
and PS/PMMA blends [33]. In these work, a deeper insight
of these kinds of experiments is given, namely, by con-
ducting experiments at different temperatures and initial
ﬂow rate with the new slit die described above. The pro-
cedure consists of stopping the feeding of the extruder
when a steady-state is reached, keeping the extruder screw
rotating at the same speed. As time passes, a continuously
reducing amount of molten polymer remains inside the
extruder, smoothly dropping the pressure and the shear
rate as it exits the slit-die.
The evolution of the pressure drop and birefringence
after the cessation of feeding on the 2nd section of the slit
die, for a temperature of 230 C, is shown on Fig. 8. The two
signals change in a similar way. For the highest ﬂow rates,
there is ﬁrst a decrease before a shoulder which is followedFig. 7. Birefringence at the wall as a function of the shear stress at the wall
for the (a) 2nd and (b) 1st sections of the slit die.
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fact is that all the curves converge to the same values at
long times. In the limit, the time necessary to empty the
extruder does not depend on the initial feeding rate. The
results from the 1st section of the slit die are similar and,
therefore, will not be shown here. We think that the proﬁle
of the pressure drop and birefringence decreases should be
not only a function of the rheological properties of the
material, but also a function of the extruder screw proﬁle.
In fact, the shoulders observed for the highest ﬂow rates
seem to be related to the kneading block of 45 screw
element placed at some distance before the extruder exit.
This idea will be developed in further work. The shape of
the curves of pressure drop and birefringence versus time
for 200 C are slightly different, but most of the observa-
tions done for 230 C are still valid (Fig. 9).
One of the most remarkable observations of this work is
the collapse of the average birefringence versus pressure
drop curves, obtained at different ﬂow rates, in a single,
master, curve (Fig. 10). It should be emphasized that, as
discussed below, the conditions at the slit die are far from
ideal since the polymer is entering the slit die at temper-
atures signiﬁcantly above the set temperature. Neverthe-
less, the collapse in a master curve occurs for both sections
of the slit die and at both temperatures. For the same
temperature, the curves for the 1st and 2nd sections of theFig. 8. (a) Pressure drop and (b) birefringence as a function of the time at
230 C in the 2nd section of the slit die after cessation of feeding.
Fig. 9. (a) Pressure drop and (b) birefringence as a function of the time at
200 C in the 2nd section of the slit die after cessation of feeding.slit die have the same slope but they are shifted. In Fig. 11,
the results obtained at different temperatures for the 2nd
section of the slit die are compared. The effect of the
temperature is very small since the curves are only slightly
shifted. This phenomenon should be a consequence of the
t-T superposition, which holds for polystyrene; a variation
in the temperature leads to similar shifts in both N1 and
shear stress. Obviously, in this discussion we are assuming
the validity of the stress-optical rule and the temperature-
independence of the stress-optical coefﬁcient which,
indeed, has been observed to be nearly temperature-
independent for PS [8,34].
3.3. Aspect ratio W/h ¼ 5
All the previous results were obtained in a slit die with
W/h ¼ 10. In that case, a signiﬁcant contribution of the
lateral walls to the pressure drop is not expected. However,
in some situations, it can be more convenient to use rect-
angular ducts with lower W/h aspect ratios. Thus, it is
important to verify if the conclusions above outlined for
“inﬁnite width” slit dies can be extended to rectangular
ducts where the height is comparable to the width.
Firstly, it should be noted that, for the W/h ¼ 5 rectan-
gular duct, a range of feeding rates as large as those tested
for W/h ¼ 10 could not be achieved since that would
Fig. 10. Birefringence as a function of pressure drop for (a) 230 and (b)
200 C.
J. Silva et al. / Polymer Testing 41 (2015) 63e7270overload the extruder torque. Nevertheless, the data
attained permit drawing some conclusions. In the same
way as observed for W/h ¼ 10, for a W/h ¼ 5 channel the
curves of birefringence versus pressure drop obtained after
cessation of feeding superpose regardless of the initial
feeding rate (Fig. 12). Furthermore, those curves are nearly
temperature independent in the range studied, which is
also an observation common to the inﬁnite width case. ThisFig. 11. Master curves of birefringence as a function of pressure drop for the
2nd section of the slit die at 200 C and 230 C.can be seen in Fig. 13, which compares the results for both
dies, at both temperatures, in the second section of the
channel.
Also, Fig. 13a shows the same slope for the curves of
both rectangular ducts. However, they are shifted with the
W/h ¼ 10 slit die exhibiting higher values of birefringence
for the same pressure drop. In order to explain these re-
sults, it should be recalled that a rectangular duct cannot be
treated as a slit die with inﬁnite aspect ratio.
Numeric calculations for power-law ﬂuids in rectan-
gular channels have been performed by several authors
[35,36]. Son [37] proposed an approach to calculate the
shear viscosity and shear rate with the pressure drop and
ﬂow rate data from channels having aspect ratios down to
1. Based on previous work of Hartnett and Kostic [38], he
derived an expression to calculate the shear rate at thewall.
To compute the shear stress at the wall he used Equation
(1). By following that approach, he obtained a super-
position of the data for rectangular ducts with aspect ratios
ranging between 1 and 10. In the present work, if the pa-
rameters a and A of Equation (7) do not depend on the
shear rate and, providing that C is not a function of shear
rate in the range investigated, no correction is necessary to
take into account the different shear rates in the different
aspect ratio channels. Thus, if the birefringence is repre-
sented as a function of the shear stress at the wall, aFig. 12. Birefringence as a function of pressure drop for (a) 230 and (b)
200 C in the slit die with aspect ratio (W/h) ¼ 5.
Fig. 13. Birefringence as a function of a) pressure drop and b) shear stress at
the wall. The results were obtained in the 2nd section of the rectangular
channels W/h ¼ 5 and W/h ¼ 10 at both temperatures 200 and 230 C. In the
graphic are represented the curves for all feeding rates studied. It should be
highlighted that the data for both rectangular channels are represented in
graph b).
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channels is observed (Fig. 13b).
4. Conclusions
A new slit die with optical windows in two different
positions and three pressure transducers ﬂush-mounted
along the wall was built. It was designed such that, by
simply changing the spacers, ducts of different geometries
or with dissimilar aspect ratios can be implemented.
The birefringence and the pressure drop of a poly-
styrene ﬂowing through rectangular channels were
measured. In fact, two rectangular channels with the same
height, 1.5 mm, and different widths, 15 and 7.5 mm,
coupled one at a time to the exit of a twin-screw extruder.
The birefringence and pressure drop measured in the
ﬁrst section of the slit die are different to thosemeasured in
the second section. In addition, a comparison of the vis-
cosities obtained ofﬂine in a rotational rheometer and
inline in the slit die revealed large differences. Those dif-
ferences between inline and ofﬂine measurements are
higher for the ﬁrst section of the slit die. The results were
explained by the occurrence of viscous heating in theextruder, which makes the temperature of the polymer
entering the slit die signiﬁcantly higher than that set.
Nevertheless, it was shown that the t-T superposition holds
for the birefringence measured in the 2nd section of the slit
die.
An innovative cessation of extruder feeding procedure
was developed. It proved to be very useful in the case of
polystyrene since the ratio between the birefringence and
the pressure drop can be quantiﬁed for a wide range of
steady-state conditions with a single experiment. In fact,
down to relatively lower values of pressure drop, the
function Dn13/(Dp/Dx) was proved to be independent of the
initial feeding rate. Furthermore, for rectangular channels
with aspect ratios (W/h) down to at least 5, there is su-
perposition of the curves of Dn13 versus sw.
In summary, it was shown that rheo-optics can be used
to monitor inline the extrusion process. For example, while
the curves of logDn13 versus logsw are independent of the
feeding rate and nearly independent of the temperature,
their slopes should change and vertical shifts should be
observed if the molecular weight and/or molecular weight
distribution are altered.
Some questions remain open, however. The ﬁrst relates
to the melt temperature. A crude estimation of viscous
heating was made in this paper but a more direct mea-
surement of the polymermelt temperature is desirable. It is
well-known, however, that those measurements are difﬁ-
cult to perform. A second question concerns to the time
evolution of the birefringence and pressure drop in cessa-
tion of extruder feeding experiments. Probably, that time
evolution is a function of the screw proﬁle. These important
points will be addressed in future work.Acknowledgments
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